Abstract: A major amount of energy of mobile electrons and holes in a semiconductor under electric field are lost due to inter-carrier collisions prior to ionising collision. This fact causes a decrease in the ionisation probability which leads to the deterioration in ionisation rates especially when the doping density is high. The effects of this phenomenon on the high frequency and noise properties of highly doped impact avalanche transit time (IMPATT) devices based on different wide bandgap (WBG) semiconductors, like 4H-SiC, Wurtzite-GaN (Wz-GaN) and type-IIb diamond (C) have been studied in this paper. Significant deteriorations in the diodes' high frequency and noise performance have been observed in the simulation results. The simulation results have been compared with the experimental data in order to validate those.
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Introduction
Ionisation rate is an important parameter to quantify the charge multiplication mechanism followed by avalanche breakdown in reverse biased p-n junction diodes. The mobile charge carriers may face any number of collision events such as optical phonon collisions, inter-carrier scattering events before the impact ionising scattering. Recently in the year of 2014, formulated field dependence of ionisation rates by considering the impact ionisation mechanism as multistage scattering phenomena. They have formulated an analytical expression of ionisation rates by taking into account all possible combinations of aforementioned scattering events before impact ionisation . Later in the year 2015, they have validated the said analytical approach by comparing the calculated and experimental results . The analytical expressions of impact ionisation rates Acharyya et al., 2016) are given by ( ) 
where P Te (ξ) and P Th (ξ) are the electron and hole impact ionisation probability respectively obtained by considering the multistage scattering phenomena Acharyya et al., 2016) , E r is the energy of optical phonons, E ee and E hh are the average energy loss due to inter-electron and inter-hole collision events respectively, E i (e) and E i (h) are the ionisation threshold energies of electrons and holes respectively, E r , E ee , E hh are the mean free paths associated with optical phonon scattering, inter-electron and inter-hole scattering events respectively, q is the charge of an electron (q = 1.6 × 10 -19 C). The terms ‹dE ee /dx› and ‹dE hh /dx› in equation (1) represent the average energy loss per unit length due to inter-electron and inter-hole collisions respectively (Ghosh and Roy, 1975; Acharyya et al., 2016) 
where n and p are the electron and hole concentrations respectively, m e * and m h * are the effective mass of electrons in conduction band and holes in valance band respectively, the quantity q* = q / (∈ 0 ∈ r ) 1/2 (∈ r is the permittivity of semiconductor material and ∈ 0 is the permittivity of vacuum, i.e., ∈ 0 = 8.85 × 10 -12 F m -1 ). The impact ionisation mechanism is the most important phenomena for determining the performance of most significant two-terminal solid-state source, i.e., impact avalanche transit time (IMPATT) diodes for generation of noteworthy amount of mm-wave and THz power (Luy et al., 1987; Acharyya and Banerjee, 2013; Bozler et al., 1976; Canali et al., 1971 Canali et al., , 1979 Dalle et al., 1990; Eisele, 1990; Eisele and Haddad, 1992) . Reduction in RF power, efficiency and enhancement of avalanche noise in Si IMPATT diodes due to the inter-carrier interactions have been already studied by the authors (Bandyopadhyay et al., 2016 (Bandyopadhyay et al., , 2017 . They had used NSVE model for large-signal simulation (Acharyya et al., 2013a (Acharyya et al., , 2013b (Acharyya et al., , 2013c (Acharyya et al., , 2013d (Acharyya et al., , 2013e, 2013f, 2014a Bandyopadhyay et al., 2014) and DIFM method for small-signal noise simulation Dash et al., 1996; Acharyya et al., 2010) (where NSVE and DIFM stand for non-sinusoidal voltage excitation and double iterative field maximum respectively). Both the analytical expression of ionisation rates Acharyya et al., 2016) proposed earlier by the authors [equation (1)] and the empirical relations (obtained from experimental results via curve fitting technique) relating ionisation rates as functions of electric field (Grant, 1973) , had been used to calculate the field dependent ionisation rate of electrons and holes for the large-signal (Bandyopadhyay et al., 2016) and noise (Bandyopadhyay et al., 2017) simulation of DDR Si IMPATT diodes operating at 94, 140 and 220 GHz. It is observed that the simulations are providing more realistic results closer to the experimental measurements (Luy et al., 1987; Wollitzer et al., 1996; Midford and Bernick, 1979; Okamoto and Ikeda, 1976; Goldwasser et al., 1974; Huang, 1973; Luschas et al., 2002a Luschas et al., , 2002b . This fact encouraged the authors to study the effects of inter-carrier collisions [equations (2) and (3)] on the RF performance of IMPATT diodes based on some potential wide bandgap (WBG) semiconductors (Shiyu and Wang, 2008; Vassilevski et al., 2000) . In this paper, the abovementioned effects on those diodes based on 4H-SiC, Wz-GaN and type-IIb diamond, designed to operate at some mm-wave and THz frequency bands have been studied. The RF performance of those has been compared with that of Si diodes (both simulation and experimental results) and the RF performance of some conventional semiconductor-based IMPATT diodes such as GaAs and InP (experimental).
Design
The structural, doping and other design parameters such as widths of n-and p-layers (W n and W p ), doping densities of those layers (N D and N A ) and bias current density (J 0 ) have been designed and optimised via bias current optimisation technique reported earlier (Acharyya et al., 2013a; Acharyya, 2015) . The doping density of the n + -and p + -contact layers have been chosen to be ~10 25 m -3 , which is suitable for mm-wave and THz operation (Luy et al., 1987; Acharyya et al., 2013e) . The junction diameter (D j ) of the diodes operating at several mm-wave and THz frequencies has been chosen via appropriate optimal thermal design considerations (Acharyya et al., 2013e; Acharyya, 2015) . The optimum design parameters of the diodes have been listed in Table 1 .
Methodology
The flowchart of the entire simulation methodology has been illustrated in Figure 1 . The simulation methodology has been described in following points: Starting from the step 3, the entire process has been repeated by choosing the ionisation data from the analytical expression proposed by the authors Acharyya et al., 2016) . After the completion of the above mentioned seven steps, the DC, L-S and noise characteristics of the diode are compared in order to study how much extent the inter-carrier collisions can affect the DC, L-S and noise characteristics of the diode at that frequency; because, the empirical relation of ionisation rates are valid for a particular doping concentration. These relations do not takes into account the effect of carrier-carrier collisions on the impact ionisation rate of charge carriers. However, this effect is carefully incorporated in the analytical model of multistage ionisation rates proposed by the authors Acharyya et al., 2016) . Therefore, in the analytical expressions Acharyya et al., 2016) , ionisation rate of charge carriers are functions of both electric field as well as doping density; unlike the empirical relations which are only functions of electric field and do not takes into account the effect of pronounced inter-carrier collisions at greater carrier densities. 
Results and discussions
The ionisation rate of electrons (α e ) and holes (α h ) in Si, type-IIb diamond, 4H-SiC and Wz-GaN versus inverse of the electric field (1/ξ) graphs for different carrier concentrations have been illustrated in Figure 2 . Those are obtained from the analytical expressions of ionisation rates Acharyya et al., 2016) .
Field dependence of the same parameters (α e and α h ) obtained from the empirical relations obtained from the experimental measurements of Grant (1973) (for Si), Konorova et al. (1983) (for type-IIb semiconducting diamond), Konstantinov et al. (1997) (for 4H-SiC), and Kunihiro et al. (1999) (for Wz-GaN) have also been shown in Figure 2 . As mentioned in the earlier section, the DC, L-S and noise simulations of the diodes have been carried out by using both the respective analytical expression as well as the empirical relations of ionisation rates. Other material parameters of the semiconductor material have been taken into account from the published literature (Ferry, 1975; Zeghbroeck, 2011; Electronic archive, 2017) . Figure 2 Ionisation rate of charge carriers versus inverse of the electric field plots for Si (Bandyopadhyay et al., 2016) , type-II(b) diamond , 4H-SiC (Acharyya and Banerjee, 2014a) and WZ-GaN The DC parameters like breakdown voltage (V B ) and avalanche zone voltage drop (V A ) of all the diodes under consideration have been obtained from the DC simulation for respective bias current densities. Figures 3 and 4 illustrate the variations of the said DC parameters with operating frequency of the diodes. These figures also depict the percentage of change in the abovementioned DC parameters when the analytical expression of ionisation rates (which takes into account the effect of carrier-carrier collisions) has been used in simulation in spite of the empirical relations of those (which does not consider the effect of inter-carrier scattering events). Significant change in those DC parameters has been observed due to the said effect. All of the DC parameters have been observed to be increased significantly due to this effect. The cause of increment of the V B and V A due to the reduction in ionisation rates as a result of inter-carrier collisions especially at greater operating frequencies have already been discussed in earlier paper by the authors (Bandyopadhyay et al., 2016) . The L-S parameters optimum frequency (f p ), peak negative conductance (G p ), RF power output (P RF ) and DC to RF conversion efficiency (η L ) of the diodes operating at mm-wave and THz frequencies have been obtained from the L-S simulation with and without considering the effect of carrier-carrier collisions. Figure 5 illustrates the variation of f p of the diodes with optimum bias current density and Figures 6-8 show the variations of |G p |, P RF and η L of the diodes with operating frequency. These figures also depict the % change in the abovementioned L-S parameters when the influence of carrier-carrier collision events has been taken into account in the simulation (by using the analytical expression of ionisation rates Acharyya et al., 2016) with respect to those when the said influence is ignored (by using the empirical relations of ionisation rates (Grant, 1973; Konorova et al., 1983; Kunihiro et al., 1999) . Significant change in those L-S parameters has been observed as a result of inter-carrier collisions. It is interesting to observe from Figures 5-8 that f p , |G p |, P RF and η L of the diodes decrease significantly due to the effect of reduction in ionisation rates. It is noteworthy that the L-S parameters especially the most important output parameters of IMPATT diodes, i.e., P RF and η L deteriorate significantly at higher mm-wave and THz frequencies. Since the high doping concentrations are required at the p-and n-layers of the diodes operating at those greater mm-wave and THz frequencies (Table 1) , the reduction of ionisation rates are more pronounced as a result of superior amount of inter-carrier scattering events (Figure 2 ). The noise spectral density and noise measure of the diodes have been calculated from the DIFM small-signal noise simulation. The variations of noise spectral density Banerjee et al., 2013; Dash et al., 1996) ] and noise measure [NM in dB Dash et al., 1996) ] of Si DDRs have been shown in Figures 9 and 10 , respectively. Again, it is noteworthy from Figures 9 and 10 that both the said noise parameters increase significantly due to the effect of carrier-carrier collisions. The ionisation rate of charge carriers versus applied electric field illustrated in Figure 1 shows that α e,h deteriorates significantly with the increase of carrier densities Acharyya et al., 2016) . The ionisation rate (α e,h ) represents the number of ionising scattering events occurs due to the travel of an electron or a hole of unit length. Lower α e,h signifies greater length has to be covered by that electron or hole in order to cause the same number of ionising scattering events. As a result of that x A must be broaden (Bandyopadhyay et al., 2016) . Greater doping concentrations in both n-and p-layers of DDRs operating at higher mm-wave frequencies cause higher probability of carrier-carrier collisions within the active region of those. Consequently, broadening of avalanche region width is occurred. 
Broader avalanche region of the device raises the randomness in charge multiplication process. This enhanced random nature of the impact ionisation procedure leads to deterioration in noise performance of the device. Figure 9 shows the variations of noise spectral density of Si DDRs operating at 94, 140 and 220 GHz with frequency for the corresponding optimum bias current densities (3.4 × 10 8 , 5.8 × 10 8 and 14.5 × 10 8 A m -2 respectively). The noise spectral density versus frequency plots of the diodes have been shown in those figures by considering the effect of carrier-carrier collision (i.e., by considering the analytical model of and Acharyya et al. (2016) as well as without considering the same (i.e., by considering the empirical relations of Grant et al. (1973) . The noise spectral density, especially the peak value of it corresponding to the optimum frequency of the device is found to be significantly greater when the influence of carrier-carrier collision is taken into account in the simulation. And this increment in the noise spectral density is found to highest in 220 GHz diode and smallest in 94 GHz diode (Figure 9) . Obviously, the increased random fluctuation in particle current due to the broadening of the avalanche region is the primary cause of increase in noise spectral density of the device at each frequency within its operating frequency band. Variations of noise measure of the Si diodes with frequency have been shown in Figure 10 . Increase in the noise spectral density and slight decrease in the |G p | of the device ( Figure 6 ) due to carrier-carrier collisions cause significant increase in the noise measure. The values of the minimum noise measure near the optimum frequency are found to be 34.61, 23.49 and 13.50 dB in 94, 140 and 220 GHz diodes when the influence of carrier-carrier collisions has not been considered; while the same are found to be 35.20, 25.00 and 17.40 dB in the respective diodes when the abovementioned effect is considered. Again the highest deterioration of noise measure of 3.90 dB is observed in 220 GHz diode; while it is only 0.59 dB and 1.51 dB in 94 and 140 GHz diodes respectively. Variations of noise measure (in dB) at operating frequency of Si, 4H-SiC, Wz-GaN and type-IIb diamond diodes versus operating frequency those have been shown in Figure 11 . Also, the percentages of change in noise measure due to carrier-carrier collisions in the abovementioned diodes have been illustrated as bar graphs in the same figure. The % of change in noise measure is found to be increasing significantly with the increase of f p of the DDRs. It is obvious because greater doping concentrations at epitaxial layers are required in higher frequency diodes which lead to greater probability of inter-carrier collisions. This fact causes the significant reduction in ionisation rates in the higher mm-wave and THz diodes. Therefore, increase of noise measure becomes more pronounced at those frequencies. Experimentally measured P RF of Si IMPATTs are 600, 300 and 50 mW at 94, 140 and 220 GHz respectively (Luy et al., 1987; Wollitzer et al., 1996; Midford and Bernick, 1979) . This experimental RF power output values have also been shown in Figure 7 . It is noteworthy from Figure 7 that the simulated RF power outputs are in better agreement with the experimental values when the effect of carrier-carrier collisions have been incorporated in the simulation via the analytical expression of ionisation rate of charge carriers (Acharyya and Banerjee, 2014; Acharyya et al., 2016) developed by the authors. Simulation overestimates the RF power outputs when the empirical relations of Grant (1973) have been taken into consideration. This is clearly indicates necessity of using the analytical expressions Acharyya et al., 2016) in simulation of IMPATT diodes in which the ionisation rate of charge carriers are functions of both electric field and carrier concentration Acharyya et al., 2016) . Figure 7 also shows the experimentally obtained RF power outputs of DDR IMPATT sources based on some conventional group III-V compound semiconductors such as GaAs and InP (Eisele, 1989; Eisele et al., 1996; Tschernitz and Freyer, 1995; Adlerstein and Chu, 1984) . It is clearly illustrated in Figure 7 that DDR IMPATTs based on WBG semiconductors such as 4H-SiC, diamond and Wz-GaN, are capable delivering much higher RF power as compared to its Si, GaAs and InP counterparts. Moreover, it is interesting to observe from Figure 7 that 4H-SiC diodes excels Wz-GaN and type-IIb diamond-based diodes up to 1.0 THz [up to the upper cut-off frequency of 4H-SiC ]. Therefore, 4H-SiC is the best material for the fabrication of DDR IMPATT diodes designed to operate up to 1.0 THz. However, for generation of RF power beyond 1.0 THz, type-IIb semiconducting diamond may be a choice as the base material of DDR IMPATTs [it can operate up to ]. At last, it can be mentioned that the most suitable candidate for RF power generation at THz frequencies is Wz-GaN IMPATTs which can deliver significant RF power up to 5.0 THz . The experimentally measured noise measure of W-band (75-110 GHz) DDR Si IMPATT Oscillator is nearly 35 dB (Okamoto and Ikeda, 1976) as shown in Figure 11 . This experimental value is closer to the simulation result obtained by taking into account the effect of carrier-carrier collisions as compared to the simulated result without considering the said effect. The RF power output and noise measure values of the diodes based on WBG semiconductors operating at different mm-wave and THz frequencies could not be compared with experimental results due unavailability of experimental data associated with those in state-of-the-art literature.
Conclusions
The effects of reduced ionisation rates as a result of inter-carrier collisions before the impact ionisation on the RF performance of IMPATT diodes based on different WBG materials such as 4H-SiC, Wz-GaN and type-IIb diamond have been studied in this paper. Simulation studies have been carried out to investigate the said effect on both large-signal and noise characteristics of diodes operating at different mm-wave and THz frequency regimes. Significant reduction in RF power output and considerable increase in noise measure of the diodes have been observed when the influence of carrier-carrier collisions has been taken into consideration in the simulation. The said worsening in the L-S and noise properties of the devices has been found to be more pronounced in the diodes operating at higher mm-wave and THz frequencies as compared to the lower mm-wave frequency diodes. The design parameters and simulation results presented in this paper will be helpful for the future experimentalists in order to design and fabricate low-noise mm-wave THz DDR IMPATTs based on WBG semiconductors.
